Introduction
Electric vehicles (EV) are considered as an eco-innovation that has the potential to reduce environmental problems caused by the transportation sector (Jochem et al., 2016; Lane and Potter, 2007; Rezvani et al., 2015) . The potential for CO2 emission reductions depends on the CO2 emissions generated for charging the EV compared to the emissions from conventional Internal Combmagnitude in different countries (Doucette and McCulloch, 2011; Faria et al., 2013; Nordel of et al., 2014) . For example CO2 emission intensities of electricity generation largely differ between France and Germany ( Fig. 1 ) due to severe differences in the underlying electricity generation mixes (ENTSOE-E, 2014) . Heavy fluctuations of electricity fed-in by photovoltaic and wind turbines can be observed in Germany whereas the high share of nuclear power effect corresponding CO2 emission intensities in France. Quantifying CO2 emission reduction potentials of EV are of particular interest with regards to European greenhouse gas emissions reduction targets. However, this task remains challenging like ongoing discussions on the appropriateness of standardized driving cycles to measure CO2 emissions of EV and ICEV show.
The objective of this paper is to contribute to this discussion by quantifying CO2 emission reduction potentials of EV used for commuting in the French-German cross-border context based on timedependent empirical EV energy consumption data as well as data on CO2 emissions of the national power plant portfolios. France and Germany in 2013. (Sources: EEX Transparency, 2015; RTE, 2014) 2 Literature review on EV specific CO2 emissions
Fig. 1. CO2 emission intensities of electricity generation in
Literature discussing CO2 emission reduction potentials of EV deployment usually compares the calculated values to other potentially substituted vehicle technologies. Most do so by comparing them to an identical or similar ICEV model (Doucette and McCulloch, 2011; Faria et al., 2013) . Others set them in reference to regulatory limits (e.g. Euro VI) or fleet targets for ICEV (Donateo et al., 2014 (Donateo et al., , 2015 Jochem et al., 2015) . Some illustrate the potential by calculating the point of ecological break-even in dependence of driven mileage (Bickert et al., 2015) . Yet others expand the basis for comparison to other new technologies such as hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV), or fuel cell electric vehicles (FCEV) (Campanari et al., 2009; Ma et al., 2012; McCarthy and Yang, 2010; Sharma et al., 2012) .
Most outcomes of previous studies indicate some kind of reduction potential. A significant dependence on the carbon intensity of electricity generation can be found. A high share of lowcarbon energies in the energy mix, such as renewables or nuclear power, significantly favors the EV emission values (Faria et al., 2013) . To lower the CO2 emissions, especially for a carbon intensive energy mix such as Germany, a change towards renewable energies is needed (Bickert et al., 2015) or the implementation of specific low carbon charging strategies, such as load shifting (Jochem et al., 2015; Robinson et al., 2013) .
However, these results are not consistent as they highly depend on the method and setting of the research. Table A1 in the Appendix provides an exemplary overview of different studies focusing on emissions of EV. The results of these studies are divers, because they differ in the following dimensions: region, system boundaries, specific energy consumption, definition of emission intensity (i.e. time resolution, average or marginal), and type of pollutants. The system boundaries have two main sub-dimensions: the product life cycle and process chain of energy production. A life cycle assessment (LCA) of EV usually considers all emissions of their production process and all upstream materials used, the emission caused by operation, and the emissions caused by their recycling and disposal (e.g. Bickert et al., 2015; Hawkins et al., 2013; Muneer et al., 2015) . Other studies focus only on the emissions caused during operation neglecting the upstream and downstream.
The second dimension considers the extent to that the value chain of the energy carrier (i.e. fuel or electricity) is considered. For EV the literature distinguishes between four different perspectives: tank-to-wheel (TTW), grid-to-wheel (GTW), plant-to-wheel (PTW) and well-to-wheel (WTW) (Fig. 2 ).
Fig. 2: Energy measurement points and methods in the energy supply chain for charging EV
TTW as the most limited only considers the efficiency of the energy conversion stored in the battery. Additionally to the TTW perspective, GTW considers efficiency losses from the grid into the battery. PTW additionally considers the losses in the process of energy generation, transport and conversion. WTW as the most holistic approach considers all the energy consumption (and emissions) from resource depletion, electricity generation, transport, conversion, and vehicle usage. While energy conversion for generating electricity to run EV takes place in power plants (PTW) with the major parts of efficiency losses, fuel combustion, corresponding energy conversion and efficiency losses for ICEV occur in internal combustion engines (TTW). Therefore concerning the emissions caused by energy supply TTW for ICEV is adequately represented by PTW of EV.
In this context it is also important to distinguish whether empirically measured energy consumption values are taken or values based on standardized driving cycles, such as the New European Driving Cycle (NEDC), as basis for emission assessment. Like the consumption values of ICEV depending on the conditions of deployment (driving profiles, driver behavior, and the auxiliaries, etc.) the real energy consumption values can significantly differ from the ones based on standardized driving cycles (Donateo et al., 2014; Muneer et al., 2015; Rangaraju et al., 2015) . Nevertheless, most studies do not consider real driving profiles.
The considered time resolution and time duration of the investigation varies significantly between studies and shows a significant impact on the results. Some only take average values for one year of a specific energy mix (e.g. Campanari et al., 2009; Doucette and McCulloch, 2011) others take smaller distinctions looking at different seasons, monthly averages or even use disaggregated data with a 30 min time resolution (e.g. Donateo et al., 2014; Rangaraju et al., 2015; Robinson et al., 2013) . Some studies do not focus on the average emissions of the energy mix, but focus only on the marginal emissions that are caused by the additional demand of EV, which are mostly carbonintensive plants (Jochem et al., 2015; Ma et al., 2012; McCarthy and Yang, 2010) , which consequently leads to higher CO2 emission values. Due to different energy mixes depending on various factors such as local resources, climate, and energy policy, it is important to clearly distinguish regional boundaries inwhich the emissions are investigated. Especially the different energymixes and their volatility can have a significant impact on the EV emissions Doucette and McCulloch, 2011; Faria et al., 2013; Ma et al., 2012) . For example average CO2 emissions from electricity generation in 2013 in the neighboring countries, Germany and France, illustrate these differences evidently: 486 g/kWh in Germany and 64 g/kWh in France (IEA, 2015) .
The importance of clearly distinguishing between the different approaches to assess emissions from EV is illustrated by Jochem et al. (2015) for the example of Germany. EV specific PTW CO2 emissions are measured based on four methods including (i) the annual average electricity generation mix, (ii) the time-dependent average electricity generation mix, (iii) the marginal electricity generation mix and (iv) balancing zero emissions (e.g. by the European Emission Trading System). As vehicle driving and parking is not equally distributed over the day in general (Kaschub et al., 2011; Ketelaer et al., 2014) and the European carbon pricing mechanism seems to be inefficient (Koch et al., 2014) , quantifying EV specific CO2 emissions with methods (ii) or (iii) considering time dependent energy mixes seems appropriate, when charging under a high volatile energy emission factor (cf. Fig. 1 ).
There seems to be a research gap in the current literature concerning charging-dependent PTW CO2 emissions of EV based on empirical, disaggregated, time-dependent data series of the energy mix charged in real world usage scenarios in order to derive CO2 reduction potentials for different countries. Due to the various potential ways to set the system boundaries and measure the energy consumption, there is no direct comparability of the different studies and their proposed reduction potentials among themselves. The studies that are comparing the CO2 emissions of EV in different countries do so, due to the lack of empirical data, mainly based on standardized driving cycles or exemplary recorded trips. In order to fill this gap in the literature a long-term fleet test of EV deployed in a common and real cross-border mobility profile between two countries with distinctively different energy mixes is required.
Therefore, we present a French-German commuter fleet test as a case study. The driving profiles of commuters are characterized by a deterministic, repetitive, and therefore predictable mobility demand on fixed routes. Hence, commuting is widely considered an ideal application for substituting ICEV with EV (e.g. Tomi_c and Kempton, 2007) . According to the Association of European Border Regions (2012) the French-German Pamina region is notably characterized by a high degree of crossborder labor mobility with large-scale cross-border cooperation. About 16,000 workers daily cross the French-German border in the Pamina region for commuting purposes, which underlines the validity presented results.
In order to achieve the paper's objective of quantifying the time dependent real CO2 emission reduction potentials of EV in the French-German cross-border context we raise the following research questions: 
Methods and data
Section 3.1 describes the French-German e-mobility commuter case study. Section 3.2 presents the methods applied (Section 3.2.1) and data used (Section 3.2.2) to measure EV specific energy charged and consumed. Section 3.3 provides an overview on the methods applied (Section 3.3.1) and data used (Section 3.3.2) to measure charging-dependent CO2 emissions of EV.
Case study description
The fleet test to answer the proposed research questions was a French German cross-border emobility project carried out between 2013 and 2015 (Stella et al., 2015) . EV were used by crossborder shift workers to commute between their homes in Alsace (France) and their workplace in Karlsruhe (Germany) in fixed car-pooling groups (Table 1) . Hence, the time of use changed according to their rolling shift schedule: the workers arrived 30 min before the start of their eight hour shift at 6 am, 2 pm, or 10 pm respectively. After their shift they immediately started their journey back home, which usually lasted between one and 1.5 h. The average commuting distance of 75 km one-way was too long to travel two ways on one battery charge. Therefore, the EV were directly recharged during the eight hours of work as well as at home, usually immediately after arrival. Out of the six EV used by the shift workers during the project data of three e-Wolf Delta 2 is analyzed in this study.
Measuring EV specific energy charged and consumed
Different methods to quantify the energy charged and consumed by EV are applied. The first approach calculates the energy charged during the charging events based on an exemplary charging curve (Fig. 3 ) measured at measurement point 1 (Fig. 2) during a charging event. The second approach quantifies the energy charged (measurement point 2, Fig. 2 ) and consumed (measurement point 3, Fig. 2 ) based on data from EV on-board data loggers. The third approach calculates the energy consumed during the charging events based on standard energy consumption (NEDC). Furthermore, information on the case study are provided including important meta-information of the data used. 
Assessment methods
To calculate the time-dependent CO2 emissions, it is essential not only to know the total amount of energy charged, but also the changes of charging power during the charging process. The amount of energy charged during one charging event or discharged during a journey can be calculated via the integral of the product of current and voltage over time. As recording frequency of the onboard data logger measuring the charging power, the voltage and current was rather low, three different approaches are used to approximate the energy charged and consumed by the EV.
One possibility to calculate the energy charged during the charging processes relies on one exemplary charging curve recorded for the conventional AC charging process from 0% to 100% state of charge (SOC) (1). Voltage and current were measured at measurement point 1 within the energy supply chain presented in Fig. 2 . This approach is used to quantify the GTWcharging energy of the three EV under investigation. Fig. 3 indicates that the charging power was set by the on-board charging unit of the EV, which lay at a maximum of 2.544 kW significantly lower than the allowed 3.6 kW for the European domestic Schuko socket outlets (CEE 7/7). For the charging process two different phases can be distinguished: almost directly after the start and for the main part of the process the effective charging power remained almost constant at 2.544 kW; after around 8.75 h the charging power started to decrease stepwise until it reaches zero at 10.75 h. This simply reflects the constant current constant voltage charging regime used by almost all lithium ion battery chargers. This regime starts with constant current until a preset cell voltage level is reached. At this time, the charger switches to constant voltage charging, which requires a current derating until a predefined minimum current level, where the charging process is finished (Kaschub et al., 2013) .
Our approach of modelling EV charging processes is based on Kaschub et al. (2013) , but is using a battery voltage limit of 685 V as an indicator for the point of power reduction. Until this voltage level, the battery is charged at constant power (i.e. 2.544 kW) (Formula 1). Then an approximated linear charging power reduction begins (Formula 2 and Fig. 3 ).
The energy needed during charging event q in this approach is calculated by:
For each individual charging process the energy charged was calculated based on these considerations. A second possibility to calculate the energy charged during the charging processes is based on the data recorded by the EV onboard data logger (2a). It calculates the energy consumed and recuperated during the journeys as well as the energy charged and the timely distribution by multiplying the battery voltage, the battery current and the interval from the actual data point to the previous (Formula 4).
(Formula 4)
Fig. 3: Recorded charging curve of project EV (e-Wolf Delta 2) at domestic power outlet
This approach is used to measure the energy charged at battery entrance without considering the losses of the AC/DC charging unit (measurement point 2, Fig. 2 ) and the energy consumed at the battery outlet (measurement point 3, Fig. 2 ).
The frequency of only one data point every 20 s while driving and five to ten minutes while charging still lead to a significant degree of inaccuracy. So additionally this study compares two rolling means for the values of battery voltage and current taking into account three (2b) and five measured values (2c). As the switch between charging and driving is promptly, equalizing over a high number of values is not sensible. Therefore, the first rolling mean only includes the preceding and the following data point (2b); the second rolling mean includes the two predecessors and followers of each data point (2c).
The third possibility to calculate the energy charged during the charging processes is widely applied in literature and takes the standard energy consumption based on the NEDC (3). The NEDC does not consider the losses during charging processes, although this has been suggested by UNECE (2005) . For our vehicle the manufacturer states 187 Wh/km as specific energy consumption (Table 2) . Accordingly the energy consumption on the journeys was estimated under the assumption that this was the exact energy consumption for each journey and therefore had to be recharged after the arrival.
As the energy charged calculated by (1) is based on data measured directly at the socket outlet (GTW), no additional losses for transmitting energy from the power socket to the wheel need to be considered. On the other hand (2a), (2b), (2c), and (3) are all based on the energy charged and consumed at battery level. Therefore, the charging efficiency from the grid to the battery additionally needs to be taken into account.
Data used
The EV used in the project, i.e. the e-Wolf Delta 2 (an EV reconstruction based on the chassis of Nissan NV200), and the installed charging infrastructure were chosen according to the technological, user, and research requirements. For the accompanying research it was important to gain detailed access to the vehicle and its battery data. Technical data of the e-Wolf Delta 2 are presented in Table  2 . Only conventional charging (Mode 1, according IEC 61851) was used. Therefore, standard outlets (230 V) with a maximum current of 16 A were installed at the workers' homes as well as at the plant.
To allow a detailed assessment of the energy consumption and charging processes the e-Wolf Delta 2 were equipped with special data loggers (VIKMOTE VX 20, Vikingegaarden). Details on the data collected are presented in Stella et al. (2015) . The charging events were identified and distinguished based on the data recorded by the EV data logger. Whenever the ignition was switched off, indicated by a LV-circuit of zero, and a current speed of zero the start of a charging event was set. As expected, in Germany the charging events usually started before the shifts of the commuters started at 6:00, 14:00 and 22:00. In France the charging events mostly started between one and two hours after work when the commuters had returned back home (Fig. 4) . The active charging hours are well distributed over the days with peaks before shift changeovers in Germany and after shift changeovers in France. 
Measuring charging-dependent CO2 emissions
As CO2 emission intensities of electricity generation show large seasonal as well as hourly variations ( Fig. 1) , particularly in Germany, usage of a time-dependent mix to assess CO2 emissions of EV is appropriate (Jochem et al., 2015) . Therefore (ii) the time dependent average electricity generation mix or (iii) the marginal electricity generation mix could be used. Since the EV were used for commuting and usually showed a very low SOC at arrival they had to be directly charged after they were plugged in to ensure that sufficient energy could be charged during the available time. This represents a highly inelastic manner and is very similar to other electrical appliances. Consequently it seems not to be justified to take the EV as the marginal consumer. Hence, using (iii) the marginal electricity generation mix seems not to be appropriate for our evaluation. Consequently we focus on the (ii) hourly average CO2 emission mix of the electricity generated.
Method
The energy charged during a charging event q with duration of Tq (cf. Formula 3 and Formula 4) is mapped to the time dependent and country specific CO2 emission factors of electricity generated (fi;t ) in order to quantify the CO2 emissions of a charging event cq;i (Formula 5). At work in Germany (EV1) At work in Germany (EV2)
At work in Germany (EV3)
Places of recharge:
The time-dependent CO2 emission factors of country during hour ( , ) are calculated based on the time-dependent shares of the energy generated by sources of power generation in hour ( , , ) multiplied with the appropriate specific CO2 emission factors of the different energy sources , (cf. Formula 6). Additionally, knowing all , as well as the overall distances travelled by the EV during the period considered, the average specific CO2 emissions of the project EV as well as country specific average CO2 emissions for exclusively charging in one of the countries can be calculated.
Data
The emission factors in Table 3 represent the emission factors of the energy at power outlet level. As only PTWCO2 emissions and not the life cycle emissions, i.e. no WTW perspective, are considered within this study, specific emission factors for nuclear power, hydro power, wind, and photovoltaics are zero (Table 3) . For the German case the total CO2 emission values from electricity generation divided by the total electricity consumption in the year 2012 including losses for transmission and distribution are used to calculate ki,j (Icha, 2014) . For France only data on electricity generation by source is available . In order to include CO2 emissions for efficiency losses of electricity transmission and distribution the values are calculated based on 6% losses provided by themajor French distribution system operator (ERDF, 2009) and the 2.5% losses provided by the French transmission grid operator (RTE, 2016) . Corresponding efficiency losses are in line with other studies, e.g. Donateo et al. (2015) calculated with about 7% losses and Robinson et al. (2013) with 9.1% losses.
In order to calculate French electricity consumption based on gross electricity generation in accordance to Icha (2014) , power plant's selfconsumption of 24 TWh in 2013 (INSEE, 2014) as well as electricity produced from pump storage of 7 TWh in 2013 (INSEE, 2014) are taken into account. Corresponding efficiency losses consequently amount to 13.3%. 1 These efficiency losses are comparable to those in Germany, which amounted to about 11.6% in 2012 (Icha, 2014) . In order to calculate the specific CO2 emissions of France based on electricity consumption , we multiplied the specific CO2 emissions based on gross electricity generation , with = 1.153 2 (Table 3 ). The additional losses are included in the GTW energy consumption assessment. The datasets concerning 1 100% -(100% -2.5%)(100% -6%)( hourly electricity generation by different energy sources for the year 2013 originate from RTE for France and from the EEX Transparency Platform for Germany (EEX Transparency, 2015) . and Germany (Icha, 2014) 
Results
In Section 4.1 the energy charged and consumed by the considered EV are presented. In Section 4.2 the results concerning corresponding charging-dependent CO2 emissions are given.
EV specific energy charged and consumed
The battery efficiency and the charging efficiency of the EV deployed were calculated by comparing the measured energy values at three different points as presented in Fig. 2 . The energy losses in the battery depend on various factors, e.g. the cell chemistry, the assembly and connection between the cells, and the cell temperature. To calculate an average value of the battery efficiency for all three EV the ratio of the total amount of energy consumed at battery level (measurement point 3, Fig. 2 ) and total amount of energy charged at battery level (measurement point 2, Fig. 2 ) was calculated for (2a), (2b), and (2c). The corresponding results are presented in Table A2 in the Appendix. Since the measured battery efficiency of the second EV (EV2) were greater than one and showed other additional irregularities (later in the project it was discovered that one cell of the battery pack was damaged), the values were excluded for calculating charging efficiency.
The empiric average charging efficiency between the sockets and the batteries of EV1 and EV3 amounted to 0.924. Comparing GTW and NEDC energy of the three project EV, on average norm consumption (18.7 kWh/100 km) was exceeded by 42% (Table 4) . Considering the charging processes only taking place in France (Germany), on average norm consumption was exceeded by about 49% (36%). Neglecting the losses in the AC/DC charging unit (measurement point 2, Fig. 2 ) efficiency losses compared to NEDC amount to about 32%, i.e. 39% for the charging processes taking place in France and 26% for the charging processes taking place in Germany. Additionally neglecting the losses in the battery (measurement point 3, Fig. 2 ) results in efficiency losses of about 30% compared to NEDC, i.e. 34% for the trips from Germany to France and 26% for the trips from France to Germany. Next to the overall surplus compared to NEDC values the results show that the energy consumption is on average significantly higher on the home trips from Germany to France (Table 4 and Fig. 5 ). These findings are supported by highly significant independent sample t-test results (Student, 1908) with medium effects (Cohen's d ranges between 0.55 and 0.69, Table 4 ). These results are of particular interest, as they indicate that external factors influenced electricity consumption of the EV on their home trips significantly. However, no significant differences between the variations of energy consumption on the trips to work and back home could be observed. According to Table 4 standard deviations of trip specific energy charged and consumed per kilometer do not differ significantly. This is supported by insignificant Leveneetest results (Levene, 1960) which are also presented in Table 4 . 
Charging-dependent CO2 emissions
The average CO2 emissions during the charging processes of the project EV in France and Germany are presented in Fig. 6 Table 5 . Two major reasons for the discrepancies between real CO2 emissions and CO2 emissions calculated based on NEDC can be distinguished in (i) differences between the specific NEDC consumption and real consumption and (ii) differences between TTW and GTW. As NEDC consumption is also measured at measurement point 3 (Fig. 2 ) the first reasons for the discrepancies between the CO2 emissions calculated based on NDEC and real consumption can be quantified. This amounts to about 27% for all trips considered, to about 34% for the trips from Germany to France and to about 26% for the trips from France to Germany (Table 5) . However, this analysis neglects the losses occurring in the converter and the battery. Additionally incorporating the losses between measurement point 1 and measurement point 3 (Fig. 2) permits accounting for GTW consumption in order to quantify the empirical, time dependent PTW CO2 emissions, as efficiency losses between electricity generation and measurement point 1 (Fig. 2) are considered in the specific emission factors used.
Empirical specific GTW energy charged amount to about 0.27 kWh/km (Table 4 , measurement point 1) and results in average specific transnational PTW CO2 emissions of about 83.7 g CO2/km. Specific CO2 emissions derived from norm consumption are on average only at a level of 60.9 g CO2/km (Table 5) . During the evaluation period of six months about 3.2 tons of CO2 were emitted. As the major part of the electricity generated in France is based on "carbon-free" nuclear power, specific PTWCO2 emissions are substantially lower for the EV (16.4 g CO2/km in France compared to 147.1 g CO2/km for Germany). A detailed EV specific overview on charging-dependent CO2 emissions is provided in Table A3 .
Discussion
Section 5.1 discusses the results concerning EV specific energy consumption, Section 5.2 the results concerning CO2 emissions and Section 5.3 corresponding potentials to reduce CO2 emissions.
Energy consumption
When putting the emission values into a broader context concerning the energy charged two distinctive outcomes have to be discussed: firstly, the higher energy consumption in comparison to the NEDC values and secondly, the higher average energy consumed on the commuters' way home. The higher energy need of about 42% is not the result of a single factor, but can rather be explained by a combination of different factors.
First of all, the charging efficiency is considered in the GTW energy calculated based on method (1) (Table A2) , which the NEDC does not take into account. The calculated average value of 0.924 is supported by the technical data of the e-Wolf Delta 2 components, e.g. the on-board AC/DC charging unit itself has an efficiency of up to 0.95, according to the manufacturer; and the calculated battery efficiency lies between 0.976 and 0.984. It is slightly higher than the charging efficiency that has been stated in previous studies with a value around 0.9 (e.g. Campanari et al., 2009; Eaves and Eaves, 2004; Van Vliet et al., 2011) , which might be due to other battery types, onboard AC/DC charging units or other electrical components (Thomas, 2009) . Additionally, our period of investigation was mainly during summertime, when due to the mild temperatures less energy is lost due to the battery's internal resistance, than in winter. When we compare our results to a recent commercial German vehicle test of EV (ADAC, 2015) with 11 EV, results of our empiric additional energy consumption compared to the NEDC values are comparable. The commercial test provides deviations from þ17.1% up to þ49.7%, with an average of þ34.7% (standard deviation 11%). This test also includes the new Nissan eNV200, which is very similar to the project vehicles Delta 2 (the car bodies are identical). The project vehicles consume (based on the GTW approach) on average 17% (26.6 kWh/100 km) more than the Nissan eNV200 in the commercial test. Furthermore the results provided by Hacker et al. (2009) indicated an additional empirical energy demand measured by the GTW approach of 25% up to 70% compared to NEDC values. Additionally to efficiency losses during the charging process, two further influencing factors leading to an increased energy demand were identified: route profiles and average payload. In this specific usage scenario the EV travel high distances on motorways and (flat) country roads (share of motorways 49.5% and country roads 46.4%) and have only a very low share of inner-city usage (4.1%) e which is not optimal for EV. This leads to comparably energy intensive high speed profiles with average speeds between 55 km/h and 60 km/h (Stella et al., 2015) , where a higher amount of energy is lost to drag, whereas the driving cycle used by ADAC (2015) only covers a short motorway phase. The last, but probably most severe argument is the payload. As commuters use the EV to carpool in order to travel as cheap as possible to work, usually 5 to 7 people travel in one EV. The difference in specific higher energy consumption (~7% surplus) between the trips from France to Germany and back from Germany to France is arguably the result of three conditions: (i) the shift workers might try to get home as quick as possible after work resulting in higher average speeds or higher driving dynamics. Furthermore, (ii) the users' homes are located at higher altitudes. Finally (iii) the average wind direction in this area is south-west, which is opposing the usual commuting direction when driving home and therefore increasing the drag losses.
Additionally, the data quality and uncertainties in the energy consumption measurement should be addressed. In terms of generalization it should be kept in mind that only the energy charged of three EV was measured. Even more limiting is the fact that EV2 showed some irregular behavior in its data due to damaged individual battery cells. Also the precision of the measurement of the energy consumed and recuperated is limited due to the 20 s time resolution of data points taken during a trip. As the recuperation phases are often shorter, these phases might be underrepresented due to the sampling frequency. Within this work the ratio of energy recuperated and energy consumed lies between 10% and 15%. This should be considered as lower bound. Furthermore, the assessment of energy charged in the GTW approach with method (1) at measurement point 1 (Fig. 2) is based on one exemplary charging curve. Charging behavior might vary considerably based on different parameters, particularly outdoor temperatures.
CO2 emissions
The calculated EV emissions based on the French and German energy mix reveal significant differences between the two countries. Therefore, different reduction potentials are derived from the comparisons to comparable ICEV. Assuming that the project vehicles would only be charged in Germany results in average time-dependent PTW CO2 emissions of about 147.1 g CO2/km. This is about 36% above the CO2 emissions calculated based on the norm consumption of the EV (Fehler! Verweisquelle konnte nicht gefunden werden.). Although the CO2 emissions calculated by ADAC (2015) are based on a WTW assessment, the average PTW CO2 emissions according to our results still exceed the CO2 emissions calculated for Nissan eNV200 by about 15%. Comparing CO2 emissions according to norm consumption of a conventional Nissan NV200 also having an identical chassis (128 g CO2/km) with the CO2 emissions calculated based on the norm energy consumption of the project EV (11 g CO2/km in France and 108 g CO2/km in Germany) leads to the conclusion that EV usage in France (Germany) is more environmentally friendly than usage of comparable ICEV. CO2 emission reduction potentials in France (Germany) consequently amount to 91.4% 3 (15.6% 4 ). However, additional efficiency losses in the batteries and the AC/DC charging unit (charging efficiency, section 3.1) increases the amount of energy needed for charging. This consequently also increases of CO2 emissions and results in reduction potentials compared to ICEV of about 90.7% 5 in France and 8.7% 6 in Germany. PTW CO2 emissions for charging EV in France are consequently about 10 times lower than CO2 emissions of comparable ICEV and about 10 times lower than charging in Germany. These results underline the effects of the different electricity generation mixes in France and Germany on operational, charging and time dependent CO2 emissions of EV.
It needs to be critically mentioned, that the disaggregated data on electricity generation used for the calculations differs between France and Germany. Notably electricity generation by source is classified differently and specific CO2 emissions in the two countries differ (Fehler! Verweisquelle konnte nicht gefunden werden.). Nevertheless, almost all of the specific CO2 emissions provided for operating the power plants are within the range of Turconi et al. (2013) . Furthermore, differences between official German statistics on annual electricity generation by source and the averages calculated based on the hourly disaggregated data provided by the EEX Transparency Platform (EEX Transparency, 2015) were observed. In comparison to the AGEB (2015) share of lignite is heavily and electricity generated by wind and photovoltaic is slightly overrepresented, while on the other hand gas, biomass, and waste are heavily underrepresented. Furthermore, we did not consider electricity exchange between countries (which is currently increasing). In the border region this electricity exchange is strongly influencing the regional electricity generation mix. For other uncertainties, such as regional specific grid losses or power generation mixes (such as local electricity use from photovoltaics), there is to our knowledge currently no reliable data available and therefore could not be used. Depending on the region the time-dependent local energy mix could potentially vary significantly from the national one (UBA, 2016). Further limitations include that only CO2 emissions were considered. Other environmental indicators were neglected in this analysis.
CO2 emissions reduction potentials and strategies
Focusing on our results, we observed that if EV would have been charged exclusively in Germany, specific CO2 emissions according to NEDC of the EV would have still been slightly lower than for a comparable ICEV (Section 5.2). Consequently, according to our findings the upcoming European fleet target of 95 g CO2/km in 2022 would not be achieved by the project EV when real power plant emissions would be considered. For Italy, Donateo et al. (2014) are more optimistic about the potentials of EV to reach the fleet targets.
However, as the German electricity generation is in a considerable decarbonization process, the 95 g CO2/km target might be achieved in 2022 e even with our calculation method. The time-dependent CO2 emissions assessed for 2013 and the CO2 emissions calculated based on national average CO2 emissions are about at the same level. This is surprising, as time-dependent CO2 emissions fluctuate heavily during the day, particularly in Germany. However, this can be explained by the usage scenario within this particular project, as the commuters are shift workers with a 24 h rotating shift schedule. The EV were in constant deployment and charged rather slow (Mode 1). Consequently, charging times are well distributed over the hours of a day (Fig. 7) . For commuters not working in a rotating shift schedule the outcome would be different.
Fig. 7:Cumulated active charging hours of the project vehicles
Our results implicate that CO2 emission reduction potentials of EV could be used by charging them during windy and sunny hours in Germany. From an environmental perspective, the time the charging processes take place is much more important in Germany than in France, as timedependent CO2 emissions in France remain relatively stable on a low level (Fig. 1) . The findings are supportive to Faria et al. (2013) who showed that CO2 emission reduction potentials of EV are high for France. Additionally Faria et al. (2013) showed that the reduction potential in Portugal varies significantly depending on the month and time of day. Therefore, particularly for Germany, we suggest introducing controlled Mode 3 (IEC 61851) charging with comparably higher charging powers up to 44 kW and the possibility to shift load into periods with comparably low time-dependent CO2 emissions. This however would require smart services controlling the charging events so the batteries are fully charged at the end of the shifts. In this context the potentially harmful effects of higher charging powers on battery health as well grid constraints need to be considered. Assuming that energy consumption is equal on the way to work and back and the EV are charged as often in Germany as in France, CO2 emissions can be almost halved. Load shifting, so EV are charged as much as possible in France, would permit to further reduce CO2 emissions of EV charging. German commuters using EV instead of cars 66% of the German workforce, i.e. ~27 million (Wingerter, 2014) Load shifting into periods with high shares of fluctuating renewable energy sources.
The high volatility of CO2 emission intensities of the German electricity generation mix results in highly volatile CO2 emission reduction potentials. According to Fehler! Verweisquelle konnte nicht gefunden werden. load shifting into afternoon hours could decrease CO2 emission intensities of EV charging by about 100 gCO2/kWh on average. French commuters using EV instead of cars About 73% of the French commuters use cars, i.e. 18.6 million (INSEE, 2009) Emissions are always at comparably low levels, so charging when convenient is possible. Alternatively usage of selfgenerated renewable energy could be an option.
About 10 times less CO2 emissions are generated if EV are used instead of ICEV.
An overview on strategies and potentials for reducing CO2 emissions by substituting ICEV with EV for different commuting use cases in the French-German context is presented in Table 6 . Based on our findings the strategy suggestions for the different use cases vary: for transnational EV users commuting between France and Germany we recommend charging their EV in France as much as possible in order to reduce the specific CO2 emissions. For commuters only commuting within Germany we recommend shifting the load into periods with high shares of renewables, i.e. particularly into afternoon hours, when the sun is shining, or into windy periods. As CO2 emissions in France are generally on a low and stable level, our results permit to conclude that charging when convenient has no negative impact on CO2 emissions. Further reduction is only possible when selfgenerated renewable energies are available. In this case the charging schedule should be adapted accordingly.
Conclusions
The energy needed for charging three well-loaded electric vehicles in a French-German fleet test resulted in an average specific consumption surplus above the official values of about 42% on average. Considering time-dependent average French (characterized by a high share of nuclear power) and German (characterized by a high share of fluctuating renewables) electricity generation mixes, time-dependent carbon dioxide emissions for charging electric vehicles are roughly ten times lower in France than in Germany. Recommendations derived from the case study results of focusing on commuting with electric vehicles in a region with a high degree of cross-border labor mobility include that time dependent plant to wheel carbon dioxide emissions for charging electric vehicles should be considered in future driving test procedures.
Furthermore, the findings of this study underline the postulation that hypothetical energy consumptions of the standardized driving cycles should be validated by long-term real world consumption analysis. Assuming that electric vehicles are not charged equally distributed over the day in general, time dependent carbon dioxide emissions should be calculated and considered in the currently developed Worldwide Harmonized Light Vehicles Test Procedures. The better specific real world consumption and corresponding carbon dioxide emissions are incorporated in upcoming test procedures, the more attractive it becomes for car manufacturers to build low consuming electric vehicles and provide attractive services supportive to charging electric vehicles, when carbon dioxide emissions are low.
Future work
In order to assess charging dependent carbon dioxide emissions precisely, future research could address this problem by comparing the energy consumption of different types of electric vehicles operating on the same routes. For this, the data on energy consumption of the vehicles during driving and charging phases should be recorded in higher sampling rates. This would allow better estimates on energy consumption of electric vehicles. Furthermore, to compare the empirical carbon dioxide emissions of electric vehicles and internal combustion engine vehicles, measuring real fuel consumption of comparable conventional cars operating on the same routes could be investigated. The data on time-dependent carbon dioxide emissions within the two countries could be analyzed in a more detailed manner in order to develop environmentally friendly charging strategies for the two countries. Analyses focusing on the research question how charging processes of electric vehicles used in France and Germany could be scheduled in a carbon dioxide minimizing manner could also be addressed in future works by focusing on EV specific time-dependent marginal carbon dioxide emissions due to the fact that EV are marginal consumers, when they are capable to shift their load. Furthermore, load flow calculations, taking into account the technical constraints of the electric power grid, could be supportive to map energy sources and sinks more precisely in order to derive conclusions about the real carbon dioxide emissions of consumers in different areas. 
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